INTRODUCTION
============

Injury of the central nervous system (CNS) and optic nerve may damage neurons, resulting in regenerative failure \[[@ref1], [@ref2]\]. The main causes include massive retinal ganglion cell (RGC) death \[[@ref3], [@ref4]\], the decreased ability of RGC regeneration \[[@ref5], [@ref6]\]. Equally, the extrinsic factors inhibiting nerve growth include lack of cells to guide axonal regeneration\[[@ref7]\], neurotrophic factor deficiency \[[@ref8]\], inhibition of the regeneration microenvironment, myelin debris, glial scarring \[[@ref9], [@ref10]\], neuroinflammation, and lack of facilitatory molecules \[[@ref11], [@ref12]\]. The decreased intrinsic regenerative ability of RGCs after optic nerve crush (ONC) is generally accepted as the key factor for the failure of optic nerve regeneration after injury.

About two weeks after optic nerve injury, the number of RGCs decrease sharply to 40\~50% of the normal number, rendering it difficult to regenerate the optic nerve effectively \[[@ref3], [@ref4]\]. Recent research has focused on improving the intrinsic regenerative capacity of RGCs. Some studies activated the latent regeneration of RGCs by intraocular injection of crystallin protein, expecting that axonal regeneration could reach the distal nerve through the optic nerve crush site, but they achieved a limited number of regenerative axons. B-Raf activation of the RAF-MEK pathway, especially in combination with knockout of tension homology deleted on chromosome ten (PTEN), could effectively promote the regeneration of the optic nerve after injury in a rat model \[[@ref5]\]. Vitreous injection of PTEN-shRNA, adeno-associated virus 2 (AAV2)-ciliary neurotrophic factor (CNTF) and cAMP analogues could promote the regenerative axons into the mouse suprachiasmatic and suprachiasmatic nuclei to form synapses \[[@ref13], [@ref14]\]. Similarly, experiments with AAV2-brain-derived neurotrophic factor (BDNF), AAV2-CNTF and growth-associated protein 43 (GAP-43) demonstrated that AAV2-CNTF played the most important role in promoting RGC survival and axonal regeneration \[[@ref15]\]. Vitreous injection of AAV2-DCX-like kinase (DCLKs) promoted axon regeneration in a PTEN knockout mouse model, where axons could reach the optic chiasma \[[@ref16]\]. RGC transduction with AAV2-Neuritin 1 (Nrn1) promoted retinal ganglion cell survival and axonal regeneration following ONC in a mouse model \[[@ref17]\]. These results suggest that targeting the appropriate gene could enhance the intrinsic regenerative ability of RGCs and promote regeneration of the damaged optic nerve.

Pim-1 is a common downstream effector molecule of many cytokines, growth factors such as IL-2, GCSF and HGF, and more importantly four signaling pathways (JAK-STAT, AKT, MAPK and NF-kB). It can promote cell proliferation, differentiation and survival by phosphorylating the downstream substrates \[[@ref18], [@ref19]\]. Pim-1 is not only highly expressed in hematopoietic tissues including the thymus, spleen and bone marrow but distributed in non-hematopoietic tissues such as the oral epithelium, prostate, visual cortex, hippocampus, striatum and retina \[[@ref20]\]. It can inhibit tumor cell apoptosis, facilitate cell proliferation\[[@ref19]\], participate in angiogenesis and vascular smooth muscle cell proliferation and survival \[[@ref21]\], promote cardiac progenitor cell proliferation and survival, protect damaged cardiomyocytes \[[@ref22], [@ref23]\], adjust neuronal excitability, plasticity and neurotransmitter release \[[@ref24], [@ref25]\], and mediate damaged neuronal survival and apoptosis \[[@ref26]\]. In addition, it is also involved in the protection of the respiratory epithelium \[[@ref27]\], inflammatory and immune responses \[[@ref28]\], and promotes bone marrow stem cell proliferation and survival \[[@ref29]\]. Pim-1 is expressed in both embryonic mouse retina and embryonic zebrafish ganglion cell layer (GCL) to promote the neural development of the retina \[[@ref20], [@ref30]\]. Pim-1 is a common downstream effector molecule of many cytokines and growth factors. Regulating a molecule in upstream may have limited effect on promoting cell proliferation, differentiation and survival. If we modulate the downstream molecule Pim-1, the effect in promoting cell proliferation, differentiation and survival may act as a sum of all the molecules in upstream. At present, most studies on Pim-1 focus on tumors, myocardial protection and blood vessels, and few studies address it roles in nerve injury and regeneration involving the retina.

For the first time, we constructed an AAV2-Pim-1 vector and infected RGCs to evaluate the treatment efficacy of common downstream effector molecule Pim-1 in a rat ONC model to see whether it could protect RGCs against apoptosis, increase cell survival, improve RGC function, and promote regeneration of injured axons.

MATERIALS AND METHODS
=====================

Experimental animals and groups
-------------------------------

Young male Sprague-Dawley (SD) rats weighing 90\~110 g (Laboratory animal center of the Second Military Medical University, Shanghai, China) were bred at a constant temperature and a 12 h:12 h light-dark cycle with free access to water and food. The experiment was carried out according to the guide for the Care and Use of Laboratory Animals as recommended by the National Institutes of Health, and approved by the Ethics Committee for Animal Experimentation of the said university.

The animals were equally randomized into four groups: (1) Sham group, where the animals received intravitreal injection of 2 µl normal saline (NS) and the optic nerve was exposed without injury; (2) injury group, where the animals received intravitreal injection of 2 µl NS; 4 weeks after injection the optic nerve was subjected to ONC and the eyeballs and optic nerve were removed 2 weeks after ONC; (3) AAV2-GFP group, where the animals received intravitreal injection of 2 µl AAV2-GFP; 4 weeks after injection the optic nerve was subjected to ONC, eyeballs and optic nerve were drawn 2 weeks after ONC; and (4) AAV2-Pim-1 group, where the animals received intravitreal injection of 2 µl AAV2-Pim-1; 4 weeks after injection the optic nerve was subjected to ONC, eyeballs and optic nerve were drawn 2 weeks after ONC. The rats with postoperative infection and disease were picked out of the experiment. A total of 154 rats were used in this study ([Table 1](#T1){ref-type="table"}).

AAV2-Pim-1 production and administration
----------------------------------------

The AAV2 virus packaging system consisted of pAOV-CAGMINI-eGFP, pAAV-RC and pHelper. Target gene Pim-1 was activated by promoter CAGMINI with neuro-specific expression. A pAOV-CAGMINI-eGFP-2A-Pim-1-3FLAG plasmid carrying the Pim-1(NM_017034) cDNA clone (Biostime Biotechnology Co., Shanghai, China) was used to produce AAV2-Pim-1. The positive PCR cloning was compared with that of the GenBank database; consistency of the comparison with the ID:NM_017034 indicated successful construction of the plasmid. Altogether 293 cells were transfected with the fluorescent protein eGFP expression plasmid through lipo2000, and the presence of green fluorescence 24 h after transfection indicated the successful transfection of AAV2-Pim-1 vector. Finally, AAV2-Pim-1 was packaged at AAV2-Pim-1 drop of 5.7×10^12^ vg/ml and AAV2-GFP drop of 3.57×10^12^ vg/ml, and stored at -80℃.

The experimental procedures were as follows: 5 µl Hamilton microsyringe (Hamilton Co., Switzerland) was used to inject 2 µl NS, AAV2-GFP and AAV2-Pim-1 in the left eye of the rat as designed. Four weeks after injection, a rat model of left optic nerve damage was established with a temporary mini-cerebral aneurysm clip, and then the left eye and optic nerve were removed and tested 2 weeks post injury.

Establishment of the ONC animal model
-------------------------------------

After intraperitoneal (i.p.) injection of 10% chloral hydrate (0.4 ml /100 g per rat), surgery was carried out on the left eye under a surgical microscope. Using the intraocular microscissors, an incision was made on the fascia of the sclera 2 mm lateral to the cornea, and the optic nerve was dissected bluntly. ONC at 2 mm posterior to the eyeball was induced with a temporary Yasargil aneurysm clip (Aesculap Company, Germany) for 5 s \[[@ref31]\].

Intravitreal injection
----------------------

After successful induction of abdominal anesthesia, tropicamide eyedrops were used to enlarge the rat pupils. Then, 5 µl Hamliton microsyringe was slanted down into the needle on the fascia of the sclera 1 mm lateral to the cornea. The injection needle, which was visible through the center of the pupil, was inserted into the vitrous body slowly and was let to stay there for 3 min. After the injection, the needle was withdrawn slowly, and finally the left eye of the rat was prevented from being infected with aureomycin ointment. It was necessary to avoid injuring the retina and lens during the whole process.

CTB tracing RGCs and retinal flat mounts
----------------------------------------

After injection of 2 µl CTB (C1655-.5MG, Sigma Company, USA) into the vitreous body in all four groups, the rats were perfused with 4% paraformaldehyde (PFA)-PBS (pH 7.4) (Sinopharm, China). The eyeballs of the rats surviving 2 days after injection were removed and fixed in 4% PFA-PBS for 4 h. A small incision was made on the sclera 1 mm away from the edge of the cornea; the cornea was removed and the vitreous body was taken out under the dissecting microscope; four lines were cut diagonally on the eye cup by which the retina was spread like petals. The wrinkles were smoothened and excessive liquid was absorbed under the microscope. The slides were sealed and placed under a fluorescence microscope to observe and photograph. In each quadrant, three fields of view (20×10) were taken. They were photographed at the retina near the optic papilla, the middle part and the periphery. The RGCs were counted by Image-Pro Plus 6.0 image processing software, and the mean value was obtained \[[@ref17], [@ref32], [@ref33]\].

RITC tracing optic nerve and frozen section preparation
-------------------------------------------------------

After injection of 2 µl RITC (R1755-100MG, Sigma Company, USA) in the vitreous body and perfusion with 4% PFA-PBS, the optic nerve was removed from the rats surviving 2 days after injection, fixed in 4% PFA-PBS for a day, dehydrated with 30% sucrose, embedded with OCT, and sliced into 7-µm longitudinal sections using the cryostat microtome (Leica CM2016, Germany). The distal axon of the injured optic nerve was observed under the fluorescence microscope after glycerol carbonate mounting, and photographed with Image-Pro 6 image processing software in the front region of chiasm between 1 mm and 2 mm. The number of RITC tracing axons was counted.

HE staining
-----------

After routine perfusion of the heart with 4% PFA-PBS, the eyeballs were fixed in 4% PFA-PBS for one day. After water wash overnight, the eyeballs were dehydrated in ascending series of ethanol, cleared in xylene, and embedded in paraffin. Then, the paraffin sections were continuously sliced into 5 µm sections using Ultra-Thin Semiautomatic Microtome (Leica RM2016, Germany). After 2-min alcohol gradient dehydration, 10-min hematoxylin staining, 15-s 75% hydrochloric acid ethanol differentiation, 15-s eosin staining, and 10-min xylene clearance, the slices were sealed with neutral balsam. Four slices of the retina were prepared for each animal and observed under the light microscope (BH-2, Olympus). The number of RGC layer cells in the retina was counted, and the mean value was statistically analyzed.

Immunohistochemical staining
----------------------------

After anesthesia and perfusion with 4% PFA-PBS until the whole body became stiff, the left eyeball of each rat was removed, fixed in 4% PFA-PBS, embedded with paraffin, and sliced to 5-µm sections. After antigen repair of the slices with citric acid buffer, the membrane was ruptured with 0.4% Triton X-100 to eliminate endogenous peroxidase with 0.3% H~2~O~2~-PBS at room temperature. Then, the slides were washed and incubated overnight at 4℃ with γ-synuclein (1:300, Abcam, Cambridge, United Kingdom), knowing that γ-synuclein is a specific marker molecule of RGCs used to assess RGC survival \[[@ref34]\]. Then, a biotinylated goat secondary antibody (1:200, Boster, China) was covered on the section and incubated at 37℃ for 30 min. After washing with PBS, SABC enzyme reagent was placed at 37℃ for 30 min, then for DAB (1:50, Boster, China) reaction for 3 s. Five fields of each retina section were observed under the microscope (100×) after sealing, and four sections per eye were calculated and averaged.

Immunofluorescence staining
---------------------------

Four weeks after AAV2-Pim-1 (n=4) injection, frozen sections of the rat eyeball were made according to the above methods. The slices were dried, washed three times with PBS, pre-treated with 0.4% Triton X-100 for 10 min at room temperature, soaked in blocking buffer (5% donkey serum, 0.4% Triton X-100, 1 h, room temperature), and incubated with primary rabbit antibodies γ-synuclein (1:300, Abcam) and mouse antibodies glial fibrillary acidic protein (GFAP, 1:200, CST, Boston, USA) respectively diluted in 5% donkey serum +0.4% Triton X-100 using a modified protocol with incubation overnight at room temperature. Subsequently, the slides were placed in corresponding donkey anti rabbit fluorescent secondary antibody cy3 (1:200, Jackson Immuno, USA) and donkey anti mouse fluorescent secondary antibody cy3 (1:200, Jackson Immuno) at room temperature for 1 h, stained with DAPI, and observed under the DMI8 fluorescence microscope (Germany Leica Company). The retinal flat mounts of the eyeball from four rats of AAV2-Pim-1 group were treated according to the above methods. After being soaked in the blocking buffer for 1 h at room temperature, the retinas flat mounts were incubated overnight at 4℃ with the primary mouse polyclonal antibody against syntaxin (HPC-1, SC-12736, 1:50, Santa Cruz Biotechnology, Dallas, USA). A biotinylated donkey secondary antibody (1:200, Jackson Immuno) was placed on the retina and incubated at 4℃ overnight. Images at 400× magnification were observed and captured by using a laser confocal microscope (Germany Leica Company) and analyzed using Adobe Photoshop CS3 software after DAPI nuclear dyeing.

TdT-mediated dUTP Nick-End Labeling (TUNEL)
-------------------------------------------

The paraffin sections of the eyeball in the four groups (n=6 in each group) were baked at 60℃ for 2.5 h, dewaxed routinely, placed in 0.3% H~2~O~2~-PBS and proteinase K, and washed with TBS for 5 min×3. Each section was added with 1 µl TDT, 1 µl DIG-d-UTP and 18 µl labeling buffer, incubated in the wet box at 37℃ for 2 h and then with 50 µl serum at room temperature for 30 min without washing. After addition of 50 µl anti-digoxin antibody, the section was again incubated at 37℃ for 30 min, washed with TBS, added with 50 µl SABC, incubated at 37℃ for 30 min, and subjected to DAB reaction for 3 s. After hematoxylin counterstaining, xylene transparent and neutral balata sealing, the four retina slices were finally taken from each animal and observed under a light microscope. The number of apoptotic cells in the full-length RGC layer of the retina was counted, and the mean value was statistically analyzed.

Quantitative real time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------

Four weeks after intravitreal injection of 2 µl NS, AAV2-GFP or AAV2-Pim-1 in the three non-ONC groups (n=6 in each group), the rats were dislocated and sacrificed under anesthesia. The retina was removed under the anatomical microscope and placed in 500 µl lysate. Total RNA of the retina in each group was extracted according to the RNA Extraction Kit (Solarbio R1200, Beijing, China) and the concentration was measured by enzyme-labeled instrument. The cDNA was synthesized using reverse transcriptase (Takara RR037A, Japan) under the following conditions: 37℃, 15 min; 85℃, 5 s; 4℃, 5 min. The primer sequences of the objective and reference genes were designed from the Genbank database and analyzed by the biological software DNAstar. The primer sequences are as follows: Pim-1: forward, 5\'-TCCAGGGAAGAGAGAGCTTGTC-3\' and reverse, 5\'-TCATTTCTGTCCCTGCATCGT-3\'; GAPDH: forward, 5\'-GCCATCAACGACCCCTTCAT-3\' and reverse, 5\'-TTCACACCCATCACAAACA-3\'. On the basis of the configured SYBR Green reaction system (Takara RR820A, Japan), real-time PCR was performed. The objective gene expression was calculated by the relative quantitative statistical method (2^-ΔΔCt^) \[[@ref35]\]. The rats from the four groups were intravitreally injected with 2 µl saline, saline, AAV2-GFP and AAV2-Pim-1 respectively. Two weeks after successful establishment of the ONC model, the expression of Pim-1 mRNA in the retina was detected by Real-time PCR.

Western blotting
----------------

Four weeks after intravitreal injection of 2 µl NS, AAV2-GFP and AAV2-Pim-1 in the three non-ONC groups (n=6), the retina was removed. The rat eyeballs from the four groups were injected with 2 µl saline, saline, AAV2-GFP and AAV2-Pim-1 respectively, and the ONC model was established after 4 weeks, then the retina was taken out 2 weeks after ONC. Total protein of the retina was extracted and the concentration was measured after addition of RIPA cracking fluid. The protein was electrophoresed by SDS-PAGE gel and transfered to the polyvinyl fluoride (PVDF) membrane. The membrane was then incubated in 5% bovine serum albumin (BSA) at room temperature for 2 h, added with the primary polyclonal antibodies of Pim-1 and GAPDH, and incubated at 4℃ overnight. After washing the membrane with TBST, biotinylated secondary antibodies rabbit anti goat IgG (1:2,000, Biotech Well) and sheep anti mouse IgG (1:2,000, Biotech Well) were added to the membrane and incubated at room temperature for 2 h. Other molecules included the key signal pathway-related molecules Stat3, p-Stat3, Akt1, p-Akt1, Akt2, p-Akt2, Erk1/2, p-Erk1/2, SOCS1 and SOCS3; cell apoptosis-related molecules Caspase 3, Cleaved caspase 3, Bad and Bax; axonal regeneration-related molecules ©¬III-tubulin and GAP-43; tumor invasion-related molecules CXCR4, Met and c-Myc; and eukaryotic cell translation initiation factor 4E-BP1 ([Table 2](#T2){ref-type="table"}). Biotinylated secondary antibodies were added to the membrane accordingly. The operating method of these molecules was the same as previously described. After Gel imaging for fluorescence by chemiluminescence, the banding was analyzed quantitatively using the Image Pro Plus 6.0 software.

Pupillary light reflex
----------------------

Two weeks after ONC, the animals in the four groups (n=6) were anesthetized with 10% chloral hydrate (0.35 ml/100 g per rat) via i.p. injection to avoid inhibition of the pupil light reflection \[[@ref36]\]. The rats were placed in the darkroom for 30 min, and the eye without surgery was protected from light by using a piece of silver paper. The surgical eye was observed under the stereomicroscope (SZX12, Olympus), and stimulated with a light source (LG-PS2, Olympus). The maximum and minimum diameters of the pupil on the surgical side were recorded using the screen video expert software (V2012, China) for 5 min each time, and each animal was measured at least 4 times. The recorded responses were replayed on the video frame by frame, and pupil images were analyzed by using batch processing in Photoshop (CS3 extended, Adobe System, CA) \[[@ref37]\]. The minimum/maximum pupil diameter ratio was calculated by quantitative analysis.

Flash visual evoked potential (FVEP)
------------------------------------

Two weeks after ONC, flash visual evoked potential was induced to record the latency and amplitude of P wave using the biological signal processing system (BMLab-4.0, China). The head of the animal was depilated to expose the skull under anesthesia. A calvarial defect was created near the right occipital lobe of the cerebral cortex by using a cranium drill, avoiding injury to the dura mater encephali. The red electrode was connected to the silver pole, the black electrode to the ground, and blue electrode to the contralateral skin of the eyeball. The suspended silver electrode was moved to the site of measurement in a manner that there was a sense of breakthrough without actually penetrating the dura mater encephali. Finally, the parameters were fed into the computer software to conduct the sample test at 16 ms and 32 ms.

Statistical analysis
--------------------

All quantitative data are expressed as mean±standard deviation (SD), and the statistical analysis was carried out by using SPSS 18.0 software. Comparison of all data was performed using single factor analysis of variance, and pairwise comparison was performed with Student-Newman-Keuls (SNK) test. Data that did not satisfy the homogeneity of variance were transformed into a normal distribution and then analyzed by variance test. Values of p\<0.05 were regarded to be statistically significant.

RESULTS
=======

Infection of the rat retina with AAV2-Pim-1
-------------------------------------------

Four weeks after AAV2-Pim-1 injection, retinal flat mounts showed that AAV2-Pim-1 successfully expressed enhanced green fluorescence protein (EGFP) in many retinal cells, nerve fibers, and nuclei in particulars, and some cytoplasm; the percentage of infected cells was 50% ([Fig. 1A1\~A3](#F1){ref-type="fig"}). Subsequent γ-synuclein immunofluorescence staining showed that double-labeled cells accounted for 71% of RGCs, indicating that AAV2-Pim-1 infected 71% of RGCs ([Fig. 1B1\~B4](#F1){ref-type="fig"}). GFAP specifically labeled astrocytes, the green fluorescence of GCL and the red fluorescence of GFAP almost did not overlap, indicating that AAV2-Pim-1 almost did not infect astrocytes ([Fig. 1C1\~C4](#F1){ref-type="fig"}). HPC-1 specifically labeled the membrane of amacrine cells, and the green fluorescence on the retina overlapped with the red fluorescence of HPC-1, indicating that a small number of amacrine cells were infected by AAV2-Pim-1 ([Fig. 1D1\~D3](#F1){ref-type="fig"}).

AAV2-mediated overexpression of Pim-1 in the rat normal retina and ONC retina
-----------------------------------------------------------------------------

Real-time PCR and Western blotting were performed to detect Pim-1 mRNA and protein expressions in the AAV2-Pim-1-injected rat retina. Four weeks after injection, no significant difference in Pim-1 mRNA expression was observed between Sham and AAV2-GFP groups; Pim-1 mRNA expression in the retina of AAV2-Pim-1 group was about 6.61 times as high as that in AAV2-GFP group, indicating that Pim-1 mRNA expression was obviously up-regulated ([Fig. 2A](#F2){ref-type="fig"}). Meanwhile, there was no significant difference in Pim-1 protein expression between Sham and AAV2-GFP groups, demonstrating that AAV2-GFP did not affect the Pim-1 protein expression in the retina, and the Pim-1 protein in the retina of AAV2-Pim-1 group was about 2.29 times as high as that in AAV2-GFP group, suggesting that the Pim-1 protein expression was obviously up-regulated ([Fig. 2B](#F2){ref-type="fig"}).

An optic nerve injury model was made 4 weeks after intravitreal injection of NS, AAV2-GFP and AAV2-Pim-1. Two weeks after ONC, the Pim-1 mRNA and protein expressions in the retina were detected. The result of Real-time PCR showed that there was no significant difference in Pim-1 mRNA expression between AAV2-GFP group and Injury group; the Pim-1 mRNA expression in AAV2-Pim-1 group was about 2.28 times as high as that in Injury group and AAV2-GFP group ([Fig. 2C](#F2){ref-type="fig"}). The result of Western blotting showed no significant difference in Pim-1 protein expression between Injury group and AAV2-GFP group, while the Pim-1 protein expression in AAV2-Pim-1 group was significantly lower than that in Sham group, probably due to delayed translation of mRNA into protein, but significantly higher than that in Injury group and AAV2-GFP group, and about 5.27 times as high as that of AAV2-GFP group ([Fig. 2D](#F2){ref-type="fig"}).

Neuroprotection and axonal regeneration mediated by AAV2-Pim-1 after axonal trauma
----------------------------------------------------------------------------------

The paraffin embedded and haematoxylin & eosin (HE) stained rat eyeball sections were observed in terms of the number and morphology of cells on GCL ([Fig. 3A](#F3){ref-type="fig"}). Two weeks after optic nerve injury, the number of GCL cells in Injury group was significantly lower than that in Sham group (p\<0.001), and there was no statistically significant difference between Injury group and AAV2-GFP group, indicating that the number of GCL cells in the rats retina was not significantly affected by AAV2-GFP injection. However, the number of GCL cells in AAV2-Pim-1 group was about 1.52 times as high as that in AAV2-GFP group ([Fig. 3B](#F3){ref-type="fig"}), suggesting that Pim-1 overexpression could increase the number of GCL cells.

The effect of Pim-1 overexpression on RGC survival after Pim-1 overexpression was observed by γ-synuclein immunohistochemical staining and FITC-CTB tracing ([Fig. 3C](#F3){ref-type="fig"} and [Fig. 3E](#F3){ref-type="fig"}). Two weeks after ONC, the number of surviving RGC in Injury group was significantly lower than that in Sham group (p\<0.001), and there was no statistically significant difference between Injury group and AAV2-GFP group. Pim-1 overexpression increased the survival of RGCs in AAV2-Pim-1 group, which was 1.67 times as high as that in AAV2-GFP group ([Fig. 3D](#F3){ref-type="fig"}) detected by γ-synuclein immunohistochemical staining, and about two times as high as that in AAV2-GFP group detected by FITC-CTB tracing ([Fig. 3F](#F3){ref-type="fig"}). These morphological changes indicated that Pim-1 overexpression played a significant neuroprotective role in promoting the survival of RGCs after ONC.

Apoptosis of GCL cells in paraffin-embedded retina sections was observed by TUNEL staining. DAB brown-yellow staining of the nuclei represents cell apoptosis ([Fig. 4A](#F4){ref-type="fig"}). Quantitative analysis showed that TUNEL-positive cells decreased by 1.75 times in the AAV2-Pim-1-injected eyes versus the control AAV2-GFP-injected eyes, and increased in Injury group compared with the Sham group. But there was no significant difference in cell apoptosis between AAV2-GFP group and Injury group ([Fig. 4B](#F4){ref-type="fig"}). Pim-1 overexpression reduced the number of apoptotic cells in AAV2-Pim-1 group, indicating that Pim-1 overexpression exerted a protective effect on GCL cells.

Axonal regeneration mediated by AAV2-Pim-1 after optic nerve injury
-------------------------------------------------------------------

RITC was used to trace the regenerative axons in the distal optic nerve (0.2 cm distant from the optic chiasma) passing the injured sides in Sham, Injury, AAV2-GFP and AAV2-Pim-1 groups ([Fig. 5A](#F5){ref-type="fig"}). Two weeks after injury, the number of axons in the distal segment of the optic nerve in Injury group was significantly lower than that in Sham group (p\<0.001), and there was no statistical significance versus AAV2-GFP group. Pim-1 overexpression increased the number of axons in AAV2-Pim-1 group, which was significantly higher than that in Injury group and AAV2-GFP group (\*\*p\<0.01, [Fig. 5B](#F5){ref-type="fig"}), suggesting that Pim-1 overexpression could promote regeneration of axons of the RGCs after axonal trauma.

AAV2-Pim-1 improves the visual functional activity of RGCs following axonal injury
----------------------------------------------------------------------------------

Visual function recovery was assessed by observation of the pupillary light reflex ([Fig. 6A](#F6){ref-type="fig"}). Pim-1 overexpression significantly reduced the minimum/maximum pupil diameter ratio in AAV2-Pim-1 group, and the diameter ratio decreased by about 2.4 times compared with that in Injury group and AAV2-GFP group, but there was no statistical difference between Injury and AAV2-GFP groups ([Fig. 6B](#F6){ref-type="fig"}), suggesting that Pim-1 overexpression could reduce the pupil diameter ratio and promote visual function recovery.

FVEP was used to record the amplitude and latency of P wave ([Fig. 6C](#F6){ref-type="fig"}). Two weeks after optic nerve injury, the amplitude of the P wave in Injury group was significantly lower than that in Sham group (p\<0.001). The amplitude of P wave in AAV2-GFP group was slightly increased as compared with that in Injury group (p\<0.05), and the Pim-1 overexpression significantly increased the amplitude of P wave in AAV2-Pim-1 group as compared with that in Injury group and AAV2-GFP group ([Fig. 6D](#F6){ref-type="fig"}). The latency of P wave in Injury group was significantly longer than that in Sham group (p\<0.001), and there was no statistically significant difference between Injury group and AAV2-GFP group. The P wave latency in AAV2-Pim-1 group was significantly shorter than that in Injury and AAV2-GFP groups ([Fig. 6E](#F6){ref-type="fig"}), suggesting that Pim-1 overexpression could promote visual functional recovery by increasing the amplitude of P wave and shortening the latency of P wave.

AAV2-Pim-1 mediated expression of molecules of cell survival- and growth-related signaling pathways
---------------------------------------------------------------------------------------------------

To further confirm the beneficial effects of AAV2-Pim-1 on cell survival- and growth-related signaling pathways after ONC, the retina was examined for Stat3, p-Stat3, Akt1, p-Akt1, Akt2, p-Akt2, Erk1/2, p-Erk1/2, SOCS1 and SOCS3 protein expressions 2 weeks after ONC by Western blotting. Retinal protein lysate analysis showed that the expression of Stat3, p-Stat3, Akt1, p-Akt1, Akt2 and p-Akt2 in the retina was increased after AAV2-Pim-1 injection compared with the control AAV2-GFP retina, and the expression of SOCS1 and SOCS3 in the retina of AAV2-Pim-1 group was downregulated as compared with that in AAV2-GFP group, but there was no significant difference in the expression of Erk1/2 and p-Erk1/2 protein in the retina of AAV2-GFP and AAV2-Pim-1 group ([Fig. 7A, B, E, F, G, H, M, N, O and P](#F7){ref-type="fig"}). Quantitative results of Western blotting in each molecule are shown in [Table 3](#T3){ref-type="table"} and [Fig. 7C, D, I, J, K, L, Q, R, S and T](#F7){ref-type="fig"}.

Effects of Pim-1 overexpression on apoptosis- and survival-related proteins
---------------------------------------------------------------------------

Western blotting was used to detect the protein expression of apoptosis-related molecules of Caspase 3, Cleaved caspase 3, Bad and Bax in the retina of the four rat groups ([Fig. 8A, B, E and F](#F8){ref-type="fig"}). Quantification by densitometry of retinal lysates between the four groups for Caspase 3, Cleaved caspase 3, Bad and Bax molecules was exhibited in [Table 4](#T4){ref-type="table"} and [Fig. 8C, D, G and H](#F8){ref-type="fig"}. Pim-1 overexpression significantly down-regulated the expression of Cleaved caspase 3, Bad and Bax. Compared with AAV2-GFP group, the difference was statistically significant. But overexpression of Pim-1 had little effect on the expression of total Caspase 3 protein in rat retinas.

AAV2-Pim-1 promotes the expression of axonal regeneration-related proteins
--------------------------------------------------------------------------

Retinas were examined 2 weeks after injury for βIII-tubulin and GAP-43 expression by Western blotting. Analysis of the retinal protein lysates showed that the expression of βIII-tubulin and GAP-43 was increased in the retinas after AAV2-Pim-1 injection compared with AAV2-GFP retinas ([Fig. 9A and B](#F9){ref-type="fig"}). Quantification of Western blotting showed a significant increase (p\<0.01) in βIII-tubulin expression in AAV2-Pim-1-treated retinas compared with that in AAV2-GFP controls ([Fig. 9C](#F9){ref-type="fig"}). The regenerative marker GAP-43 also showed a significant increase (p\<0.05) in AAV2-Pim-1 group compared with AAV2-GFP group ([Fig. 9D](#F9){ref-type="fig"}).

Pim-1 overexpression has no significant effect on the expression of tumor invasion-related proteins
---------------------------------------------------------------------------------------------------

Western blotting was used to detect the expression of tumor invasion-related proteins CXCR4, Met and c-Myc in the retina of the four rat groups ([Fig. 10A, B and C](#F10){ref-type="fig"}). Analysis of the tumor invasion-related proteins revealed that Pim-1 had no significant effect on CXCR4, Met and c-Myc expression in the retinas ([Fig. 10D, E and F](#F10){ref-type="fig"}).

AAV2-Pim-1 promotes the expression of eukaryotic cell translation initiation factor
-----------------------------------------------------------------------------------

Western blotting was used to detect the expression of translation initiation factor 4E-BP1 in rat retinal cells. After ONC, the expression of 4E-BP1 protein in retinal cells in Injury and AAV2-GFP groups was significantly lower than that in Sham group (p\<0.05), and the protein was up-regulated after Pim-1 overexpression in the retina, compared with Injury group and AAV2-GFP group (p\<0.01) ([Fig. 11](#F11){ref-type="fig"}).

DISCUSSION
==========

Neuroprotection and axonal regeneration mediated by AAV2-Pim-1 after axonal trauma
----------------------------------------------------------------------------------

The intrinsic regeneration ability of RGCs is the survival ability of damaged RGCs and the re-growth ability of their axons to specific target cells \[[@ref38], [@ref39]\]. Weakening of the intrinsic regeneration ability of RGCs is a key factor for the failure of optic nerve regeneration. Pim-1 acts as a common downstream effector for cell survival and growth signaling pathways \[[@ref19]\] by regulating the plasticity, excitability, release of neurotransmitters, and the survival and apoptosis of damaged neurons \[[@ref26], [@ref40], [@ref41]\]. In embryonic mice, Pim-1 distributes in the visual cortex of the occipital lobe, olfactory cortex, striatum and retina, implying that Pim-1 may participate in the development of neural and retinal structures \[[@ref20]\]. During embryonic developmental stages of zebrafish, GCL expresses Pim-1, which is accompanied with the retinal development and formation of zebrafish \[[@ref30]\].

In the present study, we successfully constructed AAV2-Pim-1 and found that it exhibited strong infection specificity in RGCs of the rat retina, and that Pim-1 mRNA and protein expressions in the retina were obviously up-regulated. Afterwards, the survival of RGCs was increased, the number of apoptotic GCL cells was decreased, the number of regenerated axons was increased, and recovery of visual function was promoted after optic nerve injury.

To sum up, the Pim-1 overexpression in the retina in vivo promoted survival of RGCs and revived the regenerative ability of the injured axons. Finally, the preserved neurons promoted the recovery of visual function after ON injury, and then we further demonstrated the mechanism underlying the role of Pim-1 at the molecular level.

The related molecules underlying the role of Pim-1 in enhancing the intrinsic regeneration ability of injured RGCs
------------------------------------------------------------------------------------------------------------------

### Apoptosis-related molecules

The expression of Caspase 3 is increased after acute neuronal injury, and increased slightly in glial cells \[[@ref42]\]. After optic nerve injury, down-regulation of Caspase 3 and Bax expression could promote the survival of damaged RGCs \[[@ref43]\]. P21 activated kinase 5 could prevent localization of Bad on mitochondria, thus inhibiting cell apoptosis induced by camptothecin and ceramide \[[@ref44]\].

The up-regulation of Pim-1 expression contributes to the proliferative and antiapoptotic pathways induced by FLT3 signaling in leukemia cells \[[@ref45]\]. After hypoxia pretreatment, the expression of Pim-1 was up-regulated, apoptotic proteins such as cytochrome C and activated Caspase 3 were down-regulated, and the expression of p-Bad related to cell survival was upregulated, so as to reduce mitochondrial damage and promote the survival of human cardiac progenitor cells \[[@ref22]\]. In HCT-116 colon carcinoma cells, Caspase 3 and Bax showed a statistically significant increased activity upon Pim-1 knockdown, demonstrating an antiapoptotic role of Pim-1 through Caspase 3 and Bax \[[@ref46]\]. After myocardial infarction in mice, Pim-1 could phosphorylate serine 112 in Bad, mediate desfluran-induced myocardial ischemic post-adaptation and increasing myocardial cell survival \[[@ref47]\].

It was found in this study that the expression of Cleaved caspase 3, Bax and Bad in the retina was down-regulated after Pim-1 overexpression. These data indicate that Pim-1 overexpression could promote the survival of RGCs and reduce the apoptosis of RGCs after optic nerve injury, which may be achieved by down-regulating the expression of Cleaved caspase 3, Bax and Bad.

### Axonal regeneration-related molecules

Moody et al. \[[@ref48]\] showed that low βIII-tubulin expression was found in the early stage of differentiation in newborn rats. With the growth of the cells, the expression of βIII-tubulin was highly expressed at day 4 of differentiation, and the expression of βIII-tubulin decreased at day 7 of differentiation, suggesting that βIII-tubulin may participate in and promote neuronal differentiation \[[@ref48]\]. In the rat model of ONC, GAP-43 was elevated slightly in the early week of ONC. After a period of two weeks, the expression began declining. The failure of axonal regeneration may be attributed to the weak expression of GAP-43 in RGCs, suggesting that GAP-43 expression in RGCs is required in the treatment of optic nerve injury \[[@ref49]\]. In GAP-43 knockout mice, RGC axons in the optic chiasma disappeared and the lack of GAP-43 expression inhibited the regeneration of axons in vitro \[[@ref50]\].

Myocardial regeneration and repair were significantly enhanced by genetic engineering of cardiac progenitor cells with Pim-1 kinase. Ex vivo gene delivery to enhance cellular survival, proliferation, and regeneration may overcome current limitations of stem cell-based therapeutic approaches \[[@ref51]\]. Research revealed that βIII-tubulin behaved as a gateway for Pim-1 to move into the cytoskeleton resulting in dynamic instability of microtubules in the ovarian cancer cells. Both βIII-tubulin and GAP-43 were distributed in axons and their growth cones in the developing and adult regenerating axons \[[@ref52], [@ref53]\].

It was found in this study that the expression of βIII-tubulin and GAP-43 protein in the retina was downregulated markedly after optic nerve injury, and significantly upregulated after the overexpression of Pim-1, suggesting that Pim-1 overexpression promoted axonal regeneration of the damaged optic nerve, probably by upregulating expression of βIII-tubulin and GAP-43 protein and together incorporating into in microtubules in the retina.

### Signaling pathway-related molecules

Recent studies have shown that the intrinsic regeneration of the damaged RGCs could be enhanced by targeting the gene expression of some molecules, such as knocking down the expression of PTEN in the Akt pathway and SOCS3 in the Jak-Stat pathways, and activating the expression of B-Raf in the Raf-Mek pathway. As a result, the regenerated axons could reach the superior colliculus and lateral geniculate bodies to promote the recovery of visual function \[[@ref54]\]. Stat3 participates in cell proliferation, differentiation, survival and apoptosis, and promotes survival of RGCs after optic nerve injury \[[@ref55], [@ref56]\]. Overexpression of Stat3 in vivo promoted regeneration of injured axons, and survival of RGC5 was decreased by inhibiting the expression of Stat3 \[[@ref57]\].

Studies show that Akt1 and Akt3 are mainly located in GCL, inner nuclear layer and outer nuclear layer, and Akt2 is rarely expressed in the retina \[[@ref58], [@ref59]\]. As Pim-1 kinases had overlapping many activity with Akt, and Akt and Pim-1 kinases shared substrates in common, it had been suggested that Pim-1 could play an important role in the activation of Akt \[[@ref60]\], and Akt activation could induce Pim-1 expression \[[@ref61]\]. The expression of Pim-1 was controlled on the transcriptional level through the Jak/Stat pathway involving Stat3 and/or Stat5 \[[@ref62][@ref63]-[@ref64]\]. Meanwhile, upon siRNA-mediated Pim-1 knockdown, a down-regulation of Stat3 with phosphorylation at Tyr705 was detected \[[@ref46]\]. Pim-1 interacted with SOCS1 and SOCS3 and potentiated their inhibitory effects on Stat3 and/or Stat5, most likely via phosphorylation-mediated stabilization of the SOCS proteins \[[@ref65]\]. At the same time, lentiviral delivery of short hairpin RNA to decrease SOCS3 expression into NS-1 cells enhanced IL-6-induced tyrosine phosphorylation of Stat3 and promoted neurite outgrowth \[[@ref66]\]. In summary, Pim-1 directly regulated Akt1, Akt2 and Stat3, and simultaneously acted on SOCS1 and SOCS3, then affected Stat3 expression through SOCS1 and SOCS3.

Akt inhibition was validated by observing the down-regulated levels of p-Akt1 as well as the altered levels of the downstream targets of p-Akt, namely upregulated levels of pro-apoptotic markers, Bad, Bax and Caspase-9/3 \[[@ref67], [@ref68]\]. Akt2 known as a signal pathway against ischemia and hypoxia, which played an neuroprotective role by inhibiting cell apoptosis and autophagy through regulating the expression of Caspase 3 and Bax \[[@ref69]\]. Knockdown of KLF11 elevated the expression of p-JAK2 and p-Stat3 in H9c2, then suppressed the expression of Cleaved caspase3, promoted cell survival \[[@ref70]\]. Stat3 phosphorylation enhanced Stat3 nuclear translocation, increased the Bcl-2/Bax ratio, and decreased Cleaved caspase 3 \[[@ref71]\]. In short, Pim-1 interacted with Akt1, Akt2 and Stat3, and the Akt1, Akt2 and Stat3 acted on the downstream molecules of Cleaved caspase 3, Bax and Bad, affecting cell apoptosis and cell survival.

The phosphorylation of JNK subsequently induced activation of Stat1 and Stat3 that led to expressions of βIII-tubulin and GAP-43, and ultimately promoted the differentiation of ES cell neurons \[[@ref72]\]. MiR-17-5p inhibitor promoted the expression of Stat3 and p-Stat3, and then boosted the expression of GAP-43, finally promoted axon growth of the cortical neuron \[[@ref73]\]. Akt2, EF1α and potentially β-tubulin may form part of a signaling complex targeted to sites of cell activity via association with the cytoskeleton and as such may be important in the regulation of cell motility and growth \[[@ref74]\]. In brief, Akt1, Akt2 and Stat3 acted on βIII-tubulin and GAP-43, affecting cytoskeleton and promoting axonal growth.

In this experiment, we detected the protein expression of cell survival and growth signaling pathways, such as Stat3, p-Stat3, Akt1, p-Akt1, Akt2, p-Akt2, Erk1/2, p-Erk1/2, SOCS1 and SOCS3. After optic nerve injury, Pim-1 overexpression up-regulated the expression of Stat3, p-Stat3, Akt1, p-Akt1, Akt2 and p-Akt2, and down-regulated the expression of SOCS1 and SOCS3 in the retina. But it had little effect on the expression of Erk1/2 and p-Erk1/2 protein. The results suggest that Pim-1 overexpression could activate its Stat3, Akt1 and Akt2 pathways, then inhibit cell apoptosis and promote survival of RGCs by down-regulating the expression of Cleaved caspase 3, Bax and Bad , enhance regeneration of injured axons by upregulating expression of βIII-tubulin and GAP-43, and ultimately enhance the intrinsic regeneration of RGCs and recovery of visual function.

### 4E-BP1

4E-BP1 participates in protein translation of eukaryotic cells and overexpresses in tumor cells. In aggressive B cell lymphoma, increasing the ratio of eIF4E to 4E-BP through overexpression or knockout of eIF4E or 4E-BP1/2 could protect lymphoma cells \[[@ref75]\]. SGI-1776 is a small molecule and Pim kinase inhibitor with selectivity for Pim-1. Pim-1 kinase function can be inhibited by SGI-1776 in mantle cell lymphoma and that inhibition of phosphorylation of downstream substrates such as 4E-BP1, ultimately will disrupt transcriptional, translational, and cell cycle processes and promote cell death \[[@ref76]\].

It was found in our experiment that the expression of 4E-BP1 protein in the retina was obviously reduced after optic nerve injury, and up-regulated following the overexpression of Pim-1 in the retina, suggesting that Pim-1 overexpression could regulate the expression of proteins in the retina after ONC, probably by up-regulating the expression of 4E-BP1 protein in the retina and then affecting the protein translation.

### Tumor invasion and metastasis-related molecules

The latest research shows that CXCR4 can be used as a new vascular marker in the bud of liver cancer in vitro and in vivo, which may provide a potential therapeutic target for the treatment of liver cancer patients \[[@ref77]\]. C-Myc is overexpressed in many malignant tumors, including gastric cancer. In mouse gastric cancer models, bile acid promoted tumor progression and telomerase activity, mainly depending on the expression of c-Myc \[[@ref78]\]. Met can participate in the transduction of cell signaling and remodeling of the cytoskeleton, regulate the process of cell proliferation and differentiation, and is closely related to tumor cell invasion and tumor neovascularization \[[@ref79]\].

CXCR4, c-Myc and Met are oncogenes in the downstream of Pim-1 has been reported in human tumors, mainly in hematologic malignancies recently. In vitro and in vivo studies have confirmed oncogenic potential of Pim-1 through phosphorylating the downstream substrates of CXCR4, c-Myc and Met \[[@ref19]\]. To observe whether Pim-1 overexpression could induce up-regulation of tumor invasion-related molecules, we detected the expression of CXCR4, c-Myc, and Met in the rat retina and found that the expression of CXCR4, Met and c-Myc protein in the retina was not significantly affected by Pim-1 overexpression, suggesting that Pim-1 overexpression in the retina had little effect on tumorigenicity in the rat retina.

In conclusion, our research demonstrated a distinct neuroprotective and regeneration-promoting strategy to prevent RGC degeneration after ONC. Pim-1 overexpression in the retina could activate its Stat3, Akt1 and Akt2 pathways, then inhibit cell apoptosis and promote survival of RGCs via the mitochondrial pathway, and enhance regeneration of injured axons by upregulating βIII-tubulin and GAP-43, and ultimately enhance the intrinsic regeneration of RGCs and recovery of visual function. These findings may provide an experimental basis for the clinical treatment of optic nerve damage by targeting the expression of Pim-1.
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![Retinal flat mounts and cryostat sections of the eyeball in the AAV2-Pim-1 infected rat were stained with immunofluorescence histochemistry. (A1, B1, C1, D1) AAV2-Pim-1 infected the retina and RGCs. (A2, B3, C3) Blue staining indicates DAPI labeled nuclei. (A3, B4, C4, D3) AAV2-Pim-1 was co-located with γ-synuclein, GFAP or HPC-1. Green fluorescence for AAV2-Pim-1 and red immunostaining for γ-synuclein, GFAP or HPC-1. Scale bar=50 μm, n=4.](EN-29-249-f1){#F1}

![Pim-1 mRNA and protein overexpressions in the retina after AAV2-Pim-1 infection in the normal rat retina (A, B) and in the retina 2 weeks after ONC (C, D) in vivo. (A, C) Detection of Pim-1 mRNA expression in the retina by Real-time PCR in each group. (B, D) Detection of Pim-1 protein expression in the retina by Western blotting in each group. The relative protein levels in Y-axis was quantified by dividing the gray value of the experimental groups by the gray value of GAPDH. Compared with the AAV2-GFP group, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001; n=6.](EN-29-249-f2){#F2}

![HE staining, γ-synuclein immunohistochemical staining and FITC-CTB tracing to test survival of RGCs. (A, C and E) All staining of retinal sections 2 weeks after ONC, and γ-synuclein-positive RGCs were visualized in brown yellow, RGC density in the representative flat-mounted retina by FITC-CTB tracing to test survival of RGCs. (B, D and F) AAV2-mediated overexpression of Pim-1 showed a significant neuroprotective effect on RGCs. Compared with AAV2-GFP group, \*\*p\<0.01; n=6.](EN-29-249-f3){#F3}

![AAV2-mediated delivery of Pim-1 in vivo decreased apoptosis of GCL cells by TUNEL staining. (A) TUNEL staining was performed, where brown-yellow staining represents apoptotic cells (arrows). Scale bar=100 μm. (B) Quantitative analysis of TUNEL-positive cells showed that Pim-1 overexpression reduced the number of apoptotic cells two weeks after ONC in AAV2-Pim-1 group. Compared with AAV2-GFP group, \*p\<0.05; n=6.](EN-29-249-f4){#F4}

![Retinal ganglion cell axonal growth was stimulated by AAV2-Pim-1 in the ONC model. (A) Axons with red fluorescence intensity were clearly visible in Sham group by RITC tracing. The axons in the crush site in Injury group and AAV2-GFP group were agglutinated together (arrowhead), and a few axons were still seen in the distal segment (rectangle); meanwhile, there were more axons in the distal optic nerve passing the injured sides in AAV2-Pim-1 group. (a\~d) Represent larger versions of the rectangular area of Sham, Injury, AAV2-GFP and AAV2-Pim-1 groups respectively. Scale bar=100 μm. (B) Quantitative analysis of the number of axons in the distal stump of the injured optic nerve in each group. Compared with AAV2-GFP group, \*p\<0.05; n=6.](EN-29-249-f5){#F5}

![The visual function is increased in vivo after intravitreal injection of AAV2-Pim-1. (A) The minimum and maximum pupil diameters were recorded in each group by pupil light reflex. Pupils were at the start (a, c, e and g) and end (b, d, f and h) of the stimulus. (B) The minimum/maximum pupil diameter ratio in Injury and AAV2-GFP was larger than that in Sham group, but the ratio in AAV2-Pim-1 group after Pim-1 overexpression was lower than that in Injury group and AAV2-GFP group. Compared with the AAV2-GFP group, \*\*p\<0.01; n=6. (C) Representative of FVEP tracings of the four groups. (D, E) The data of FVEP indicated a higher amplitude and a shorter latency in AAV2-Pim-1 group compared with AAV2-GFP group. Compared with AAV2-GFP group, \*\*\*p\<0.001; n=6.](EN-29-249-f6){#F6}

![Protein expressions of the key retinal signaling pathways in the ONC model in vivo. Animals were intravitreally injected with either AAV2-GFP or AAV2-Pim-1. Two weeks later, animals were subjected to ONC and retinas were harvested 2 weeks post injury. (A, B, E, F, G, H, M, N, O, P) Western blot analysis of the retinal lysates from AAV2-GFP and AAV2-Pim-1 animals using antibodies against Stat3, p-Stat3, Akt1, p-Akt1, Akt2, p-Akt2, Erk1/2, p-Erk1/2, SOCS1 and SOCS3. GAPDH served as loading control. Western blotting was used to detect the retinal protein expression. (C, D, I, J, K, L, Q, R, S, T) Quantification by densitometry of retinal lysates between the four groups for mentioned-above molecules, normalized to GAPDH loading control. Compared with AAV2-GFP group, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \#p\>0.05; n=6.](EN-29-249-f7){#F7}

![Pim-1 suppressed the expression of Cleaved caspase 3, Bad and Bax apoptosis-related protein. (A, B, E, F) Western blot analysis of retinal lysates from the animals of the four groups using antibodies against Caspase 3, Cleaved caspase 3, Bad and Bax. (C, D, G, H) The band intensities for the mentioned-above molecules were quantified, normalized to GAPDH loading control. Compared with AAV2-GFP group, \*p\<0.05, \*\*p\<0.01, \#p\>0.05; n=6.](EN-29-249-f8){#F8}

![Pim-1 boosted the expression of βIII-tubulin and GAP-43 axonal regeneration-related protein. (A, B) Western blot analysis of retinal lysates using antibodies against βIII-tubulin and GAP-43. (C, D) Quantification of βIII-tubulin and GAP-43 protein band intensities in the retinas treated with AAV2-Pim-1. The results were normalized to the GAPDH loading control. Compared with AAV2-GFP group, \*p\<0.05, \*\*p\<0.01; n=6.](EN-29-249-f9){#F9}

![Expression of tumor invasion-related proteins in the rat retinas of four groups. (A\~C) Expression of CXCR4, Met and c-Myc protein in the four groups was detected by Western blotting. (D\~F) The quantitative results showed that the expression of CXCR4, Met and c-Myc proteins in the retinas of AAV2-Pim-1 group was not significantly different from that in AAV2-GFP group. \#p\>0.05; n=6.](EN-29-249-f10){#F10}

![Pim-1 promotes the expression of 4E-BP1. (A) Detection of the 4E-BP1 protein content in the four groups by Western blotting. (B) Quantitative results of 4E-BP1 expression in the retina of the four groups. The expression of 4E-BP1 protein in AAV2-Pim-1 group was significantly higher than that in AAV2-GFP group. Compared with the AAV2-GFP group, \*\*p\<0.01; n=6.](EN-29-249-f11){#F11}

###### 

Detection methods and animal groups

  Detection methods                                    Animal groups
  ---------------------------------------------------- -----------------------------------------------
  CTB tracing RGCs                                     Sham, Injury, AAV2-GFP, AAV2-Pim-1
  RITC tracing optic nerve                             Sham, Injury, AAV2-GFP, AAV2-Pim-1
  Eosin-hematoxylin staining                           Sham, Injury, AAV2-GFP, AAV2-Pim-1
  Immunohistochemical staining                         Sham, Injury, AAV2-GFP, AAV2-Pim-1
  Immunofluorescence staining                          AAV2-Pim-1 group without ONC
  TdT-mediated dUTP Nick-End Labeling                  Sham, Injury, AAV2-GFP, AAV2-Pim-1
  Quantitative real time polymerase chain reaction     Sham, AAV2-GFP, AAV2-Pim-1 groups without ONC
  Sham, Injury, AAV2-GFP, AAV2-Pim-1 groups with ONC   
  Western blotting                                     Sham, AAV2-GFP, AAV2-Pim-1 groups without ONC
  Sham, Injury, AAV2-GFP, AAV2-Pim-1 groups with ONC   
  Pupillary light reflex                               Sham, Injury, AAV2-GFP, AAV2-Pim-1
  Flash visual evoked potentials                       Sham, Injury, AAV2-GFP, AAV2-Pim-1

###### 

Primary antibodies and origin of the species for Western blotting

  Primary antibody    Cat        Species origin   Dilutions   Manufacturer
  ------------------- ---------- ---------------- ----------- ----------------------------------
  Stat3               \#9139     Mouse            1:1,000     CST (Boston,USA)
  p-Stat3             \#9134     Rabbit           1:1,000     CST (USA)
  Akt1                \#2938     Rabbit           1:1,000     CST (USA)
  p-Akt1              ab81283    Rabbit           1:5,000     Abcam (Cambridge,UK)
  Akt2                \#3063     Rabbit           1:1,000     CST (USA)
  p-Akt2              \#8599     Rabbit           1:1,000     CST (USA)
  Erk1/2              \#4695     Rabbit           1:1,000     CST (USA)
  p-Erk1/2            \#4370     Rabbit           1:1,000     CST (USA)
  SOCS1               \#3950     Rabbit           1:1,000     CST (USA)
  SOCS3               ab16030    Rabbit           1:1,000     Abcam (UK)
  Caspase 3           \#9665     Rabbit           1:1,000     CST (USA)
  Cleaved caspase 3   \#9664     Rabbit           1:1,000     CST (USA)
  Bad                 ab32445    Rabbit           1:2,000     Abcam (UK)
  Bax                 \#14796    Rabbit           1:1,000     CST (USA)
  βIII-tubulin        ab18207    Rabbit           1:1,000     Abcam (UK)
  GAP-43              ab75810    Rabbit           1:5,000     Abcam (UK)
  CXCR4               ab124824   Rabbit           1:100       Abcam (UK)
  Met                 sc-8057    Mouse            1:200       Santa Cruz (Santa Cruz, Bolivia)
  c-Myc               ab32072    Rabbit           1:5,000     Abcam (UK)
  4E-BP1              \#9644     Rabbit           1:1,000     CST (USA)
  Pim-1               sc-7857    Goat             1:200       Biotech Well (Shanghai,China)
  GAPDH               wb0197     Mouse            1:2,000     CST (USA)

###### 

Quantitative expression of molecules of cell survival- and growth-related pathways in the rat retina

  Molecules   Sham   Injury      AAV2-GFP    AAV2-Pim-1
  ----------- ------ ----------- ----------- -----------------------------------------------
  Stat3       1.00   5.14±1.33   4.54±3.06   12.11±2.38[\*\*](#t3f1){ref-type="table-fn"}
  p-Stat3     1.00   4.10±1.72   7.21±1.44   12.58±1.62[\*\*](#t3f1){ref-type="table-fn"}
  Akt1        1.00   1.12±0.13   0.29±0.16   0.88±0.06[\*\*\*](#t3f1){ref-type="table-fn"}
  p-Akt1      1.00   0.59±0.32   0.72±0.17   1.70±0.35[\*\*](#t3f1){ref-type="table-fn"}
  Akt2        1.00   0.47±0.06   0.33±0.16   1.74±0.65[\*\*](#t3f1){ref-type="table-fn"}
  p-Akt2      1.00   0.23±0.09   0.43±0.12   1.37±0.12[\*\*\*](#t3f1){ref-type="table-fn"}
  Erk1/2      1.00   1.06±0.10   1.27±0.32   1.19±0.21[\#](#t3f1){ref-type="table-fn"}
  p-Erk1/2    1.00   1.40±0.09   1.36±0.67   1.22±0.41[\#](#t3f1){ref-type="table-fn"}
  SOCS1       1.00   1.87±0.24   3.09±1.28   0.85±0.43[\*](#t3f1){ref-type="table-fn"}
  SOCS3       1.00   1.84±0.34   4.26±0.96   2.55±0.80[\*](#t3f1){ref-type="table-fn"}

Compared with AAV2-GFP group, ^\*^p\<0.05, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001, ^\#^p\>0.05.

###### 

Quantitative expression of cell apoptosis- and survival-related proteins in the rat retina

  Molecules           Sham   Injury      AAV2-GFP    AAV2-Pim-1
  ------------------- ------ ----------- ----------- ---------------------------------------------
  Caspase 3           1.00   1.91±0.47   1.73±0.65   1.85±1.60
  Cleaved caspase 3   1.00   1.56±0.46   1.83±0.43   0.87±0.10[\*](#t4f1){ref-type="table-fn"}
  Bad                 1.00   0.33±0.06   0.65±0.05   0.23±0.16[\*\*](#t4f1){ref-type="table-fn"}
  Bax                 1.00   1.11±0.47   2.33±1.39   0.66±0.53[\*](#t4f1){ref-type="table-fn"}

Compared with AAV2-GFP group, ^\*^p\<0.05, ^\*\*^p\<0.01.
